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Abstract 
In this report we briefly review recent 
evidence which shows that+ a substantial 
proportion of intracellular K is "bound" or 
perturbed from the physicochemical properties 
expected in dilute aqueous solutions . In 
addition , we present evidence from electron probe 
x-ray microanalysis of thin cryosectiins of cells 
which indicates that the binding of K to anionic 
groups either carboxyl groups (HC0
2
) on proteins 
or to phosphate groups in creat~ne phosphate 
( CrP) , in adenos ine triphosphate, (ATP) , in 
protein and in nucleic acids, are the main 
determinants of the maintenance of (as 
differentiated from the generate-? of) the well 
known intra- to extracellular K concentration 
difference. The collect\_ve evidence suggests 
that much of cellular K is reduced in its 
mobility and in its chemical activity due to 
association with negative charge groups (e.g. 
carboxyl and phosphates). This fact forces 
abandonment of the misleadi~ assumption that the 
majority of intracellular K and other inorganic 
ions are as free as would be expected under ideal 
solution conditions. This realization should 
have far reaching consequences toward 
understanding transmembrane movement of water and 
solutes in cells. 
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Introduction 
As an example of how concepts about the 
state of an ion in cells can change, we first 
review the deJelopment of current concepts on the 
state of Ca 2 in cells. Over the past several 
years there has been a revolution in thinking 
about the free + versus the bound state of 
intracellular Ca 2 • Prior to the 1970's it was 
generally t~ought that a measure of total 
cellular Ca 2 , expressed on a we~ weight basis, 
gave a close estimate of free Ca 2 concentration 
in the cell a.iid reflected the true chemical 
activity of Ca 2 in the cell. In other words it 
was generally assumed+that the great majority of 
the intracellular Ca 2 was free in solution as 
expected under dilute solution+conditions. Based 
largely on discoveries of Ca 2 bindi~ proteins 
and fluorescent indicators of free Ca 2 in cells, 
it .ras shown that, while the overall appare~t 
Ca 2 concentration within the cell is about 10 3 
M, the free Ca 2 + concentration is actually much 
lower, about 10- 7 M. This finding is currently 
explained by a membrane \ound, energy requiring 
Ca 2 pump that moves Ca 2 from one subcellular 
compartment + to a second compartment where 
specifil Ca 2 binding proteins exist to sequester 
the Ca 2 (Alberts et al. 1989). Either mechanism 
(membrane pump or sorption) can be used to 
explain the differences between membrane bounded 
compartments within a cell but only sorptio~ 
satisfactorily explains the overall low free Ca 2 
concentration within the cell. 
Although it is theoretically possible to 
explain both ge+neration and maintenance of 
subcellular Ca 2 concentration differences 
(apparent concentration gradients) based solely 
on the sorption + model, the + existence of 
membrane-bound Ca 2 pumps and Ca 2 channels are 
apparently needed to facilitate these processes 
in cells. Conientional thinking currently holds 
that both Ca 2 sorption and membrane pumping 
mechanisms are operational in the ,eneration and 
in the maintenance of unequal Ca 2 distribution 
between subcelJular compartments. However, 
sorption of Ca 2 is an absolute requirement to 
explain the r\duced chemical activity of 
intracellular Ca 2 • 
I.L. Came ron, W.E. Hardman, K.E. Hunt e r, e t al. 
Of what vaJue is it for the cell to maintain 
a low free Ca 2 level? One explanation is that 
the signalled release of a reserve of "_)?ound" 
Ca2 + will allow a rapid surge of free Ca2 that 
can be used as a secondary signal for various 
cellular processes. 
Now that we have briefly discussed the 
differential subcellular distribution, the free 
and adsorbed state and the surge potential of 
intracellular Ca 2 +, it seems pertinent to ask 
our s elves if K+ or the other major inorganic ions 
within the cell are free or if they too are 
compartmentalized or adsorbed . This is not a 
moot question because knowledge of intracellular 
ion activities is required to explain: ion 
movements during volume regulation, co-transport 
of organic (e.g. amino acifs and sugars) and 
inorganic (e.g . H2 Po;, H) substrates, ion 
movements, transmembrane potentials and pH 
regulation. In fact, it appears that most 
transport and electrophysiologists currently hold 
or+assume t~at measurements of total cellular K , 
Na and Cl by wet chemistry give a reasonable 
estimate of the chemical activity of these three 
ions in the cell. For example Post (1989) in the 
Annual Review of Physiology states that "proteins 
do bind water and can bind some ions, but not to 
the extent imagined in the sorption theory". In 
other words Post implies that the extent of 
binding of ions like K+, Na+ and Cl and water in 
cells is so small that it can be disregarded from 
further considerations. Is this assertion valid? 
If it is true, it certainly simplifies what must 
be measured and considered in order to address 
ionic gradient questions . However, if the extent 
of ion and water binding is greater than 
currently imagined by Post and most transport and 
electrophysiologists, then we must disregard this 
oversimplification and take into account the 
bound ions and water. 
In this report we briefly review the rapidly 
growing bod~ of evidence that a large fraction of 
cellular K is reduced in its motion. The 
mechanisms responsible for the reduced motion are 
also explored. Review of the evidence of reduced 
motion of K+ forces us to abandon the assumption 
that the majority of intracellular K+ and other 
inorganic ions are as freely diffusible as would 
be expected under dilute solution conditions . 
Evidence presented in this report points to the 
a~sorption of a substantial fraction of cellular 
K to carboxyl and phosphate groups. 
Role of the Plasma Membrane in Maintenance of 
Intracellular to Extracellular Ion Gradients 
Kellermayer et al. (1984, 1986), Hazlewood 
and Kellermayer (1988) and Cameron et al. (1988a) 
have subjected lymphocytes , monolayer H-50 cells 
grown in culture and chicken erythrocytes to the 
non-ionic detergent, Brij 58. The Brij detergent 
treatment produced large holes in the plasma 
membrane of the treated cells by 1 to 5 minutes . 
If intracellular K was free, it would be 
expected to rapidly diffuse from such celli to 
reach equilibrium with the extracellular K in 
cells with large holes in the membrane. In all 
three cell types cellular K+ was retained within 
·the cell at significantly higher levels than the 
extracellular environment for 10 or more minutes , 
indicating that most of the cellular K+ was not 
free to diffuse from the cell. Thus integrity of 
the plasma membrane is not immediately essential 
for retention of the intra- to extracellular K 
concentration difference . 
Perhaps the most direct and unchatlenged 
evidence supporting the bound state of K in a 
cell is that the majority of K+ is adsorbed as 
shown by the X-ra~ absorption edge fine structure 
spectroscopy of K in frog erythrocytes (Huang et 
al. , 1979) . This method reveals the effect of 
the immediate chemical environment+on the excited 
state of the K shell electron of K. The authors 
concluded from theJr study that the majority of 
intraerythrocyte K was bound and could not be 
regarded as free as in aqueous solution. (For an 
excellent review of evidence for the "bound" 
state of K+ in cells prior to 1984 see Ling). 
As we have just reported a prediction from 
the hypothesis that the plasma membrane is the 
responsible mechanism for maintenance of the ion 
concentration gradient is that its physical 
disruption will allow the ion concentration 
gradients to dissipate . Conversely a prediction 
of the ion adsorption mechanism is that the 
concentration gradients of ions will not diffuse 
towards equilibrium upon disruption of the plasma 
membrane . Another electron probe x-ray 
microanalysis study was designed to test these 
predictions . An established approach to the 
study of diffusible ions in tissue cells is by 
rapid cryofixation in liquid propane cooled in 
liquid nitrogen (Cameron et al. 1983b). In the 
present study cryofixed liver and whole 
heparinized blood were cryosectioned and 
freeze-dried at two different temperatures. One 
temperature, -100°C, prevents the diffusion of 
ions in tissue, while the other temperature, 
-40°C, allows the limited diffusion of ions 
(Cameron et al . 
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1983b, 1986) . We therefore 
subjected (1-2 mm ) pieces of mouse liver and 
whole blood samples to cryosectioning and 
freeze-drying (cryosorption) at either -l00°C or 
at -40°C prior to x-ray microanalysis of the 
cells to determine if there would be f 
significant redistribution of Na+, c1· or K 
between the extra - and intracellular 
compartments. Our method of handling blood and 
pieces of mouse liver were as described 
previously (Cameron et al. 1983b, 1984, 1986). 
To test that the intracellular K+ was not 
free to diffuse from the intra• to the 
extracellular environment, we did x-ray 
microanalysis of the distribution of K+ in the 
cryofixed and cryosectioned erythrocytes in whole 
heparinized mouse blood. In the case of whole 
mouse blood the plasma constitutes more than half 
the total volume, which therefore provides enough 
extracellular volume to allow for a several fol~ 
reduction of the 20 fold higher intracellular K 
concentration if the intracellular K+ were free 
to diffuse. The effects of cryosectioning and 
cryosorption temperature on the tntraerythrocyte 
concentrations of Na+, c1· and K are listed in 
fig . 1 (data from Cameron et al . 1983b). As can 
be seen, the cryosectioning at +40°C as ~ompared 
to -100°C revealed influx of Na and Ct but no 
significant loss of cellular K . The 
State of Potassium i~ Ce lls 
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Fig. 1, Effect of cryosictionjng and+cryosorption 
temperatures on the Na , Cl and K content of 
mouse erythrocytes in heparinized blood as 
measured by electron probe x-ray microanalysis 
(mM/kg dry weight, mean ± SEM) . The r-Fsul ts o! 
one-way analysis of variance showed Na and Cl 
to be significantly higher at -40°C (p < 0 . 001) 
while the mean K+ values did not differ 
significantly. Ten erythrocytes were measured 
from each mean. Figure 1 adapted from data in 
Cameron 1983b 1986. 
The results of the studies on liver 
hepatocytes (not shown) were_fimilar a~d revealed 
a significant influx of Na and Cl into the 
periphery of hepatocytes down the extra- to 
intracellular concentration gradient, which was 
interpreted to support the hypothesis that at 
least a portion of the no+mal extr~- to 
intracellular gradient of Na and Cl was 
maintained by the intact plasma membrane. As in 
the case of the erythrocytes, a significant 
quantity of K+ failed to leave the hepatocytes at 
the higher temperature (-40°C) indicating that K+ 
was not free to diffuse from the cell. 
From these experimeits we con~lude that the 
maintenance of the Na and Cl differences 
between the extra- and intracellular compartments 
of erythrocytes and of hepatocytes was due, at 
least in part, to the intact plasma membrane but 
that the maintenance of the extra-intracellular 
concentration difference of K+ in the hepatocyte 
and erythrocyte was best accounted for by its 
adsorption to intracellular macromolecules. 
These findings add to the ~rowing list of 
evidence that intracellular K is not freely 
dissolved in cell water (Cameron et al. 1983 a & 
b, 1984, 1986, Dick 1978, Edelmann 1980, Ernst 
1975, Gupta et al. 1984, Ling 1984, Horowitz and 
Miller 1984, Huang 1979). 
Development of a Nuclear/Cytoplasmic K+ 
Concentration Difference in Growing Frog Oocytes. 
In addition to extra-/intracellular ion 
concentration differences there is good evidence 
of ion concentration differences between 
compartments within the cell. For example, there 
are a number of reports in the literature which 
indicate that fully grown oocytes of amphibians 
have a higher nuclear concentration of K+ than 
exists in the cytoplasm when expressed on a wet 
or on a dry weight basis (Cameron 1983a, Dick 
1978, LaBadie et al. 1983, Naora et al. 1962, 
Paine et al. 1979 and Paine and Horowitz 1980, 
Reimann et al. 1964) . How is this ionic 
concentration difference generated and how is it 
maintained? Results of ou+ x-r'./.y microa:1alysis 
of the concentration of K , Na and Cl as a 
function of the stage of oocyte growth, table 1, 
shows that pre-yolk stage oocytes do not havi 
nuclear-cytoplasmic (N/C) differences of K+, Na 
or Cl - concentration . During oocyte growth ti 
full size, the nuclear concentration of K 
i~creased while the cytoplasmic concentration of 
K decreased. Thus a significant N/C difference 
of K+ was generated during oocyte growth. One 
Table 1, Ion concentration in the nucleoplasm and cytoplasm of 
growi{}g amphibian oocytes expressed in mM/kg dry weight ± 
SEMa, 
Stage of oocyte K+ Na+ Cl 
growth 
Pre-yolk 
nucleus 743 ± 13 83.4 ± 11. 9 194 ± 0 .8 
cytoplasm 659 ± 13 71. 5 ± 5.9 176 ± 4.8 
Intermediate 
nucleus 712 ± 11 59.6 ± 12.0 160 ± 4.8 
cytoplasm 554 ± 8 53.6 ± 5 . 9 112 ± 3 .2 
Full grown 
nucleus 892 ± 4 71. 5 ± 11. 9 198 ± 11. 2 
cytoplasm 300 ± 8 29.8 ± 5.9 80 ± 3.2 
a 
n-9 to 21 
b 
Modified from LaBadie et al. 1983 
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possible mechanism to explain the N/C difference 
might be the development of a K+ active transport 
pump in the nuclear envelope; however, Paine et 
al. 1975 and Paine and Horowitz 1980 suggest this 
mechanism to be unlikely as the fully grown 
amphibian oocyte's nuclear envelope was found ti 
be too permeable to maintain a N/C gradient of K 
based on an active transport system. Another 
possible 11/.echanism is the preferential adsorption 
of the K to intranuclear sites. Experiments 
were therefore designed to test this latter idea, 
as reported next. 
Is the Majority of Oocyte Nuclear K+ Free in 
Solution Such That it will Exchange with its 
Ionic Surrogate Rb+? 
To answer this question, fully grown and 
manually defolliculated oocytes of the amphibian 
Xenopus laevis + were exposed to +a Ringer's 
solution where K was replaced by Rb on a molar 
basis (Cameron and Hunter, 1985). Serial samples 
of the oocytes were taken over the course of 40 
hours and were cryofixed and cryosectioned for 
elemental analysis by electron probe x-ray 
microanalysis. Oocyte volume remained constant. 
Net Rb+ influx showed a slow exponential increase 
into the nuclear and the yolk-free cytoplasm+ 
Linear regression analyses of the data on K 
efflux from the nucleus showed evidence of two 
exponential components,+a small component (about 
15-20% of the total K ) which effluxed with a 
half-life of 0.5 hours and a large component with 
an indeterminately long half-life (table 2). The 
data are interpreted to mean that only a small 
priportion of nuclear K+ is lost in exchange for 
Rb but the linear regression analysis of the 
cytoplasm data shows that essentially none of the 
cytoplasmic K+ is lost in exchange for Rb+. 
The Accumulation of K+ and Phosphorus During the 
Condensation of Interphase Chromatin into 
Metaphase Chro~atin Suggests the Ionic Binding of 
K to Phosphate Groups. 
As sugges~ed by the studies mentioned above, 
intranuclear K was hypothesized to be associated 
with or adsorbed to macromolecules. One source 
of this association might be to fixed negative 
charge sites on proteins or nucleic acids. For 
example, it is known that histones Hlm and H3 
undergo extensive phosphorylation just prior to 
and during the metaphase stage of mitosis (Gurley 
1978). One might therefore predict that 
phosphorus would preferentially accumulate in 
metaphase chromatin in the form of added 
phosphate groups. This would be expected to 
increase the fixed anionic charge sites. Such 
fixed ionic charge sites ~ight provide additional 
ionic binding sites for K . This prediction was 
evaluated by electron-probe x-ray microanalytical 
studies on interphase heterochromatin and on 
metaphase chromatin in meristematic cells of 
onion root tip. Onion cells were selected for 
study because of the relatively large areas of 
heterochromatin in the interphase cells and 
because of the large areas of chromatin present 
at the well-defined metaphase stage of mitosis . 
Cryofixed root tips were cryosectioned at -l00°C 
at a thickness of O .1 µm. Figure 2 illustrates 
the morphology seen in such thin cryosections and 
shows areas of heterochromatin in interphase 
cells and condensed metaphase chromatin 
(arrowheads). The x-ray microanalysis of such 
subcellular areas in thin cryosorbed sections 
provided the data listed in table 3 . 
Table 3 shows that metaphase chromatin had 
significantly higher+concentrations of phosphorus 
(P) and potassium (K) than interphase chromatin. 
Table 2, Linear regression analysis for net potassium efflux in the nuclear an d cytoplasmic 
compartments after the oocytes were placed in rubidium Ringer's solutiona 
Compartment Component(s) 
b F0 Pi Y-intercept Significance Size of n Half-
Ln K t/K (0) K/K(O) of Slope Compartment life 
hr value mM hr 
Nucleus Fast 8 
-2 




-.303xl0 .81 NS 578 indeterminate 
Yolk-free 
- 2 cytoplasm Single 13 -.09lxl0 .87 NS 372 
a 
Modified from Cameron & Hunter 1985 
b 
Number of time points analyzed (average of 3-7 oocytes per time). 
These results are interpreted as providing 
evidence for the intranuclear adsorption of the 
majority of nuclear K+ and for the adsorption of 
essentially all of the cytoplasmic K+. 
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The increased concentration of 
metaphase chromatin parallels thi 
and therefore suggests that the K 
balancing the negative charge 
K+ found in 
increase in P 
is involved in 
of phosphate 
St a t e o f Po t ass i um i n Cells 
Table 3, Element concentration (mMol/kg dry± SEM) in subcellular comp art me n ts 
of interphase and metaphase cells from the meristem of onion root tip . 
Stage of 
Cell Cycle and 
Compartment 
Interphase n p 
Chromatin 9a 743±62 
Open-cytoplasm 10a 688±38 
Metaphase 
Chromatin Sb 1101±46c 
Open-cytoplasm 2b 541±45 
Spindle-cytoplasm 4b 496±56 
Ana lysis of variance statistics 
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n- number of areas measured on the same metaphas e ce lls 
A multiple range test (Stud e nt-Newman-Keul's) sh owe d tha t t h ese mea n s values 
were significantl y higher than all other me an va lu es in t hi s co lumn . No ot h er 
means were significantly different . 
groups. Thus , the correlations between chromatin 
c ondensation, histone phosphor y l a tion and th e 
increase of monovalent c ation justifi e d 
c ons i deration of a role for monovalen t cations in 
chrom a tin cond e nsation at meta ph a s e. The datf 
also p r ovide support for the hypothesis that K 
can ionicall y bond to the phosphate groups in 
chroma t in . 
Evid ence That a Main Predictor of K+ 
Di stribution in Cells is the Concen t ration 
of Phosphate Groups . 
Conv en t \on a l+ thought i s th a t the Mg2 + 
dep endent Na , K ATPase "pump " located within 
the plasma membrane is the primary mechanism 
responsible for both the generation and the 
maintenance of + the+ well known intra- to 
extracellular Na -K concentration differences 
in mammalian cells. This pumf operates to pump 
out cellular Na+ and pump in K . As dis cussed in 
thi intro~uction, it is also widely assumed that 
Na and K in the cells are free in solution . If 
these two assumptions are true one would expect 
that the Na+ content of a post-mitotic tissue 
cell population should be negatively correlate~ 
to and should be the major predictor of K 
content . if, on the other hand , most of the 
cellular K is bound to proteins (the major 
source of total cellular sulfur) and to nucleic 
acids and/or CrP-ATP (the major sources of total 
cellular phosphorus) then the S and or the P 
content should be positively cor_related to and 
should be the major predictor of K content . 
We have currently tested these elemental 
content relationships in : adult mouse lymphocytes 
(Haskin et al . 1989), adult mouse cardiac 
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myoc y tes (Cameron et al. 1989) and in hamster 
sk e l e t a l muscle cells ( current r eport) . Of the 
thr ee types of cells studied so far , the skeletal 
mus c le (soleus) in SO-day-old ma le "control" and 
SO- day - old male B1053 . 58 cardiom yopathic hamst e rs 
offers perhaps the best material to test the 
hypothesis . This is because the muscle can be 
and was maintained with an intact blood supply 
until quick-frozen . 
Soleus muscle sample s were obtained in such 
a manner as to complet e l y av oid cutting the 
muscle . The muscle was dissect e d free enough to 
place a clamp of Hagler's design (1980, 1981) on 
it . The blood supply to t he muscle was intact 
until the moment of excision since the heart 
con t inued to beat throughout the sampling time. 
Excision at the two ends was perform e d in such a 
way that the muscle was not cut . The uncut 
muscle , with a brass pin pressed against its 
underside in the clamp, was quench frozen in 
liquid propane cooled in liquid nitrogen . Using 
a scalpel blade under liquid nitrogen, the frozen 
muscle was cut on both sides of the brass pin , 
leaving a small sample of known orientation 
mounted on the pin. Soleus samples were stored 
as previously described. 
Also the large size of the myocytes with 
scanty amounts of extracellular space makes the 
skeletal muscle cytoplasm much less sensitive to 
major ionic redistributions due to preparative 
procedures . The original preparative procedures 
are given in detail in a previous report (Smith 
et al. 1983) . 
Ionic and elemental content data from this 
original report are summarized in table 4. An 
example of the cryosection morphology of the 
skeletal muscle used for the electron-probe x-ray 
I.L. Cameron, W.E. Hard man, K.E. Hunter, et al. 
Fig. 2 A scanning transmission electron microscopic image of a freeze-dried 
unstained cryosection of innermost cortex cells in the meristem region of onion root 
tip . The nucleus in most cells shows a nucleolus. Areas of condensed chromatin are 
seen within the interphase nuclei . One cell is in mitosis and shows condensed 
metaphase chromatin (arrowheads) . Bar, 5.0 µm; 
microanalysis is shown in Fig . 3 . The 
cytoplasmic areas probed included several 
sarcomeres. The nuclear area probed was well 
within the nuclear envelope . 
The only significant difference between 
control and dystrophic muscle fibers was in the 
concentration of sulfur (S). This difference has 
been attributed to an increased content of the 
amino acid taurine (see Smith et al . 1983). 
Analyses of the nuclear versus the cytoplasmic 
distribution of ions and elements shows 
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phosphorous (much of which may be in the form of 
phosphate associated with nucleic acids) to be in 
significantly higher concentration in the nucleus 
of control and dystrophic myocytes while S is in 
significantly higher concentration in the 
cytoplasm of the dystrophic trait muscles fibers. 
The skeletal muscles used in this study are 
post-mitotic and were considered to be rather 
homogeneous with regard to fiber type morphology. 
Thus the data from each myocyte might be expected 
to show little variation in ionic and element 
State of Potassium in Ce lls 
Figure 3. Scanning transmission electron 
micrograph of freeze-dried soleus muscle from a 
50-day-old male hamster. A and I bands and Z 
lines are discernible, as is a nucleus at the 
periphery of the left fiber. Edge of cathode ray 
tube (CRT) in upper left corner . Bar - 10 µm . 
content between myocytes. If the Na+, K+ ATPase 
pump within the plasma membrine is 1=i,he major 
determinant of intracellular K and Na content 
in individual myocytes, we might howiver expect 
to find that as the intracellular Na increased 
+ the intracellular K would decre.j3se . In other 
words, we might expect that the K concentration 
would show a ne.pative linear regression analysis 
slope to the Na concentration and that Na+ woutd 
be the primary determinant of the cellular K . 
Multiple regression analyses of all data from 
individual myocytes were performed in an attem~t 
to+ explain ~he concentration variability of K , 
Na , and Cl based on the concentration of all 
ions and elements measured . As seen in table 5 
and fig. 4 and 5 + phosphorous (P) is a primary 
determinant of K in the nucleus and in the 
cytoplasm of both the control hamster and the 
hamster with the dystrophic genetic trait. The~ 
concentration alone explains 61 to 63 . 8% of K 
concentration in the control myocytes and 50.2 to 
61.6% of K+ concentration in the dystrophic 
myocytes . Sodium does make a sjgnificant but 
small contribution to explaining K concentration 
(2-7% as listed in table 5). rpe linea,¼: 
regression analysis slope between K and Na 
concentration (fig. 5) is not ~he iegative slope 
expected if a membrane bound Na , K -ATPase pump 
was the main determinant of K"° concentration+ 
Notice, that the quantitative contribution of Na+ 
concentration data to the equation to explain K 
concentrations adds but 2. 8% more to the 
explanation in the case of the control nucleus 
and adds only 6.4% more to the explanation in the 
case of the control cytoplasm. Of the ions and 
elements measured Na+ concentration also made a 
significant but secondary contribution to 
explaining or predicting K+ concentration in the 










Fig. 4+ Sc,reme illustrating tht priposed roles 
of: Na , K -ATPase "pump"; Na -H exchanger; 
proteins; and nucleic acids in the maintenance of 
ion gradients in mammalian cells. The relative 
size of letters is representative of the ion 
content in each compartment. 
+ + -
(Ca 2 , Mg and Cl ) make minor but significant 
contributions to explaining intracellular K 
cincentration , the main determinant of cellular 
K concentration, of the ions measured, was P. 
Before turning to a discussion of the 
relationships between K+ and Pin the myocyte let 
us briefly a,raly z e the determinants of 
intracellula~ Na and_Cl content . 
Both Na and Cl show significant positive 
correlation to one another in both subcellular 
compartments in the control and in the dystrophic 
trait hamsters. Sodium and Cl - are indeed the 
main determinants of one another with several 
other ions and elements making lesser but 
significant contributions to explaining their 
concentration in the myocytes (ttble 5) . Among 
these other contributors are M.P2 , K+ and P in 
the control myocytes and S, Mg2 , K+ and Pin the 
dystrophic trait myoctes . The finding that S, 
perhaps in the form of the sulfur containing 
amino acid taurine, makes a signi!icant positive 
contribution to explaining Na content in 
myocytes with the dystrophic trait and makes a 
significant negative contribution to explaining 
Cl- gives a further indication of the involvemeni 
of S, perhaps in the form of taurine, to Na 
content regulation in myocytes with dystrophic 
genes. 
Electron probe x-ray microanalysis data of 
the type reported in table 4 offer an opportunity 
to examine charge balance within subcellular 
compartments. For sake of discussion and 
calculations let us make the extreme assumption 
that all of the phosphorus that we measured in 
the muscle cells is present as a trivalent anion 
(-P0,- 3 ) and that all of the sulfur is present as 
divalent anion . Also hold in mind that the 
following charge accounting exercise does not 
include fixed carboxyl (-Hco;) groups on proteins 
which may be available for interaction with free 
cations or for interaction with fixed anions 
(salt linkage) on proteins. Nevertheless this 
exercise can help establish perspective on the 
I .L. Cameron, W.E. Hard ma n, K.E. Hun ter, et al. 
200 











E -o D IP 
1!10 
-~ en l!I D D DO El 
-0~ D D 













o-.c </) D 







300 400 500 600 700 800 
Potassium 
(mMolesikg dry weight) 
Fig. 5 Linear regression analysis relationships 
between the nuclear potassium concentration and 
the nuclear concentration of sodium (top) and the 
nuclear concentration of phosphorus (bottom) in 
skeletal muscle cells of hamsters. Data is from 
63 cell nuclei from 7 hamsters. The 
concentration of potassium increased 
significantly as the concentration of phorphorus 
increased . The concentration of potassium did 
not change significantly as a linear function of 
sodium concentration . 
complexities of charge accounting within the 
muscle cell . Thus, in table 4 we have groupe~ 
the majir inorganic cations of the cell (Na+, K 
and Mg2 ) • If we group together and sum up the 
potential anions [ assuming P to be present as 
phosphate (-PO 4 -
3 ) and sulfur to be present as 
sulfate ( -SO 4 -
2 )] we can calculate the extreme 
maximum positive and negative ionic charge 
numbers that the measured concentration of these 
ions could make within the cell. As we cannot 
measure -Hco; or -NH3 groups with x-ray 
microanalysis, we are forced to deal with those 
ions and elements which we can measure . 
Regarding fixed carboxyl sites, Ling 1984 has 
previously pointed out that there are enough 
carboxyl charge sites on proteins to account for 
binding of all K+ in skeletal muscle cells. 
Summation of the extreme total maximum 
potential positive and negative ionic charge of 
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the ions and elements we were able to meEsure in 
both subcellular compartments of the control and 
the dystrophic trait myocytes shows a potential 
2-3 fold excess of negative charge sites within 
the cell (Table 4) . Such an unbalanced charge 
situation certainly could not e~ist in E living 
cell. One way for the cell to keep such a 
situation from occurring would be to ne utralize 
some of the excess negative charges with H . The 
main point to be made is that the potential 
negative charge in the form of phosphate alone 
would be enoug h to balance the maior cations in 
the cell (i.e. K+, Na+ and Mg2 ). Again we 
realize and remind the reader that we h;;ve used 
an extreme valence state assumption f or P as 
-PO 4 -
3 and for Sas -SO 4 -
2 and have not ITTeasured 
or included -Hco; or -NK3 charge groups in this 
accounting procedure. 
Where are the phosphate groups within the 
cell? The answer depends on the cell type under 
discussion. Somlyo et al. 1979 report that most 
of the intracellular phosphates in the skeleta l 
muscle cell are accounted for in c reatine 
phosphate (CrP) and adenosine triphosphates (ATP) 
whereas in smooth muscles most of the phosphates 
are non-diffusible polyphosphates with l es s than 
a third of the phosphates in the form of CrP and 
ATP. 
Clearly highly phosphorylated prote i ns like 
casein in milk and certain metaphase histones are 
highly enriched in phosphate groups as are 
nucleic acids . It is therefore tempting to 
propose that K+ might be attracted to fixed 
charge sites such as those known to exist on 
condensed chromatin at metaphase as shown in 
table 3; in the nucleolus of lymphocytes 
(reported by Haskin et al. 1989) ; in the nucleus 
versus the cytoplasm of myocytes (Table 4); or as 
reported in the nucleus versus the cytoplasm of 
chicken erythrocytes (Cameron et al. 1988a). 
How can the s~nificant positive correlation 
observed between K and P in the nucleus and in 
the cytoplasm of skeletal myocytes be explained? 
Two explanations are offered. First there is 
evidence from the literature that K-ATP- 3 and 
several of complexes of ATP, K+ and Mg2 + exists 
as species (Godt and Baumgarten, 1984) and that 
ATP has reduced diffusion within cells 
(Kushmerick and Podolsky, 1969) and efflux from 
detergent permeabilized cells (Koszegi et al. , 
1987). Therefore one suggestion is that the 
phosphate groups associated with CrP and the 
ATP's in the cytoplasm of the skeletal muscle can 
act as electrostatic charge neutralizing sites 
for K+ withi~ the myocyte . Thus the flow 
diffusion of K and relative immobility of K in 
cells (see also Ling, 1984) may be accounted for 
by its associated with fixed and/or slowly 
diffusing negative charge sites . This 
explanation could account for t\e positive 
correlation between intracellular K and P in 
skeletal myocytes but does not excl.'i!de carboxyl 
groups as sites for binding K . Similar 
relationships between K+ and P in lymphocytes 
(Haskin et al . 1989) and in cardiac myocytes 
(Cameron et al . 1989) can be explained in the 
same way. A second possibility was offered by 
Ling in 1952 . He proposes that CrP, ATP, hexose 
monophosphates, etc . are strongly adsorbed by the 
State of Potas si um in Cells 
Table 4, Intracellular element concentration and ionic charge accounting 
calculations in skeletal myocytes (soleus) in 50-day-old male control and 
Bl053.58 cardiomyopathic hamstersa _ 
Cytoplasm (normal) Nucleus (normal) 
Maximum 
mM/kg dry wt . Maximum Charge 
+ SEM Valence Number 
A B C A B C 
N + 114 ± 15 X l+ - 137 137 ± 14 X l+ - 114 i 560 ± 28 X l+ - 560 621 ± 38 X l+ = 621 
Mg2+ 56 ± 6 X 2+ - 112 60 ± 6 X 2+ - 60 
809+ 795 + 
Cl 84 ± 9 X 1 84 87 ± 8 X 1 87 
p (P0
4
) 378a ± 22 X 3 1134 699a ± 43 X 3 2097 
s (S0
4
) 283d ± 22 X 2 566 216 e ± 21 X 2 432 
1784 26 16 
- 809+ - 795+ 
Excess negative charge - 875 Excess neg at i ve charge - 1821 
Cytoplasm (dystrophic) Nucleus (dystrophic) 
N + 190 ± 35 X l+ - 190 225 ± 40 X l+ 225 
K'.f 528 ± 29 X l+ - 528 567 ± 36 X l + - 567 Mg2+ 61 ± 6 X 2+ - 122 71 ± 6 X 2+ - 14 2 
840+ 934+ 
Cl 138b ± 23 X 1 138 14 2b ± 25 X 1 142 
P (P0
4
) 378 ± 1.9 X 3 1134 646 ± 44 X 3 1938 
S(S0
4
) 357c,d ± 28 X 2 714 30lc,e ± 28 X 2 602 
1986 2682 
- 840+ - 934+ 
Excess negative charg e 1146 Excess negative charge - 1748 
a 
Data are means (±SEM) of 7 or 8 animals, 10 cells pe r animal. Mea ns with 
common superscript letters are significantly diff e r e nt (p < 0.001). We ha ve 
assumed that all the Sexists as sulfate . Wheth er t h e S actually exists as 
sulfate, sulfite or sulfide the charge accounting is the same. The Pis 
assumed to exist as phosphate and has been assigned the unlikely maximum 
charge valence state of three for sake of discussion. 
fixed cationic charges on th e proteins. The K+ 
ions then are selecti ve ly adsorbed to fixed 
anionic sites liberated from the salt linkages 
formerly existing between the fixed anionic and 
cationic charges. Since for each carboxyl group 
liberated from the salt-linkage there is one 
anion adsorbed, the 1 to 1 relationship between P 
and K is expected. 
There is however also evidence that the type 
of anions that bind to the fixed cations (i.e. , 
epsilon-amino groups and guanidyl groups) vary 
from cell type to - cell type e.g. , glutamate for 
mammalian brain and retina and chloride for human 
erythrocytes (Ling, 1962). Indeed in EDS study 
of freeze-dried cryosections of human erythrocyte 
(unpublished_ results from this laboratory) wi 
find that Cl not Pis the best predictor of K 
concentration as previously suggested by Ling 
(1962) . 
Conclusions 
In s~ary, we conclude that most of the 
cellular K exists in close association with 
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c ounter ions . The main counter ion s include 
cirboxyl and phosphate . This association between 
K and these two anions reduces the mobility of 
K+ as determined by diffusion (this report and 
Ling 1984)-i- accounts for the NMR "invisibility of 
c ellular K " (Burstein aw Fosse! 1989); reduces 
chemical activity of K as measured by ion 
selective electrodes (Dawson and Smith, 1986); 
reduces the osmotic activity of K+ (Clegg, 1988) ; 
accounts for the perturbed x-ray absorption edge 
fine structure of K+ in the frog erythrocytes 
(Huang et al., 1979); accounts for the multiple 
K+ flux compartments seen in a number of cell 
types (Ling 1984, Negendank 1988, Cameron and 
Hunter 1985) ; and helps explain that a 150 mM 
solution of K+ is somewhat inhibitory to most 
cell free protein synthetic or isolated enzyme 
systems where it has been tested (Cameron et al. , 
1988b). Our electron probe x-ray microanalysis 
shows that a main predictor of the maintenance of 
intracellular K level in several cell types is 
the level of cellular P (mostly present in the 
form of phosphate groups). Our data do not, 
I.L. Cameron, W.E. Hardman, K.E. Hunt e r, et a l. 
Table 5, Multiple Regression Analysis - Presented as an explanation for the 
subcellular (nucleus and myofibrils) concentration of K+, Na+ and Cl - in the 
soleus myocytes of 50 day old, male control and Bl053.58 cardiomyopathic 
hamsters . The purpose of this analysis is firstly to establish a linear 
prediction equation that gives a better prediction of a dependent y variable 
than is possible with a single independent x variable and secondly to explain y 
in terms of the x ~ariables (Sokal and Rohlf, 1980) . The equation is in units 
of mM/Kg dry weight . 
Stepwise entry of independent variables (elements) that make a significant (p > 
0.05) contribution to explaining K+, Na+ and Cl- (dependent variable). Below 
each factor, in parenthesis, is the cumulative contribution to the explanation 
(in percent) . 
dependent independent 
x variables y variable 
Concentration ofb 
Element to First Second Third Fourth Fifth 
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a Data from 7 control hamster and 8 cardiomyopathic hamsters were pooled for 
statistical analysis. The total number of cells used in each analysis ranged 
from 63 to 77 . 
b Concentration of element to be explained is equal to most significant factor 
+ 2nd most significant factor ... + a constant . Each factor is equal to the 
coefficient (from the multiple regression analysis) times the concentration 
of the element indicated. 
however, exclude ~ and ~ -HC0 2 groups on 
proteins as a main anionic binding site for K+ in 
cells. 
Together the experimental evidence iakes a 
convincing case that the majority of K in a 
normal resting cell is associated with anionic 
charge groups and that this fraction of K+ is 
greatly reduced in its mobility and its activity . 
A major fraction of cellular potassium should not 
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therefore be considered "free" as it would be 
were it present under dilute or ideal aqueous 
solution conditions. 
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Discussion with Reviewers 
B. Gupta; Your Fig. 1 has two other technical 
implications. Firstly, it seriously challenges 
the recommendation of Saubermann et al. that for 
biological microanalysis good cryosections can 
and should be cut only at temperatures around 
-40° C. Please comment. Secondly that all the 
work in your laboratory before 1983 was based on 
cryosections cut at around -30°C in conventional 
pathology-type cryostats. This is also true of a 
lot of microprobe work from Roomans lab in 
Sweden . If cryose~tioning_at -40°C causes such a 
large influx of Na and Cl into cells, would you 
say that all that work is grossly artifactual and 
hence of little biological relevance? Do you 
know if the gross differences in ionic 
concentrations arise during cryosectioning or 
during freeze-drying at two different 
temperatures? Freeze-drying (-more 
technical-sounding "cryosorption") of 
cryosections , even if cut at -l00°C, at 
relatively high temperatures is known to induce 
diffusion artifacts. 
Authors; We have done cryosectioning of various 
cell types at temperatures between -30°C and 
-100°C and looked for ion transl.ocation using 
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EDS. The mammalian erythrocyte offers perhaps 
the most stringest test system for study of ion 
translocation because of its small size. 
Specifically the electron beam is never more than 
a micron away from the blood plasma which is 
about ten fold higher in sodium concentration 
than the erythroc-1te cytoplasm . Thus even a 
small degree of Na diffusion can be expected to 
influence quantification. To obtain quantitative 
agreeiient between EDS and wet chemical analysis 
of Na for erythrocytes , as we and others have 
accomplished at -l00°C or lower is very 
reassuring. We do not get such quantitative 
agreement at -40°C . However analysis of a large 
cell like the amphibian oocyte and measuring the 
sodium concentration 5 to 10 microns away from 
the cell surface or within the nucleus gives 
quantitative agreement between wet chemistry and 
EDS at cryosectioning temperatures as high as 
-30°C (LaBadie et al . , 1981) . Thus we make EDS 
measurements at some distance from the cell 
surface. We agree that diffusion artifacts can 
occur during cryosorption . 
B. Gupta; The concentration values in Table 1 
are given as mH/kg dry weight. The data is not 
based on high resolution microanalysis . It 
therefore disregards the fact that the dry weight 
fraction in the cytoplasm (including yolk 
platelets, mitochondria etc.) is much higher than 
in the nucleus, which is completely unlike 
pre-vitellogenic (stages I & II) oocytes . How 
can you possibly conclude that the gross 
differences between the nucleus and cytoplasm are 
in ionic concentrations and not in dry mass 
concentrations? 
Authors; Our early EDS studies on amphibian 
oocytes (pre-1984) was, as you indicate , at lower 
spatial resolution but still gave good 
quantitative agreement between wet chemical 
analysis of cryodissected nuclei and fragments of 
ooplasm (containing yolk, mitochondria and open 
cytoplasm) and EDS of the same areas of the fully 
grown oocyte. To express the EDS data on a wet 
weight basis we used the published water content 
values obtained from wet and dry weight 
measurements from the cryodissected nuclei and 
ooplasmic fragments of the same stage oocytes 
(LaBadie et al . , 1981) . 
B. Gupta; The data d.fes not necessarily show 
that the cytoplasmic K is "adsorbed". Host of 
it might be sequestered into membr:ne-bound 
organelles with their own ion-pumps (H pumps). 
Further~ore, there must be a physiologicflly 
important , freely exchangeable fraction of K in 
the cytoplasm in order · to explain t1+e drastic 
effects of (1) ouabain and (2) zero-K outside, 
both on the membrane potential and on maturation 
(see for example, Penn & Wasserman, J. Exp. 
Zoology 241:61-69, 1987)+ This needs to be 
clarified. If all the K in the cytoplasm of 
Xenopus+egg is adsorbed and exchanges only slowly 
with Rb , how do you explain the+well-established 
effect of ouabain and of zero-K outside (a) on 
the membrane potentials and (b) on the oocyte 
maturation as discussed by Penn and Wasserman, 
1987, J. Exp . Zoology 241: 61-69)? 
Stat e of Potassium in Cells 
J.S. Clegg; Can the authors estima*e the free 
concentrations of intracellular K (K.) in 
cytoplaim from their data and compare it l:o the 
known K outside (K )? If (Ki)-free were higher 
than (K ) then a°ctive transport of K+ or 
selectivg solubility (in cytoplasm) would be 
required. On the other hand, if (K.)-free were 
less than (K) it would be hard to
1
escape some 
form of acti.Je tiansport since I know of no data 
that indicate K is "excluded" by cytoplasmic 
water. 
Authors: The EDS data on the Xenopus oocyte does 
indicate a rather small exchangeable K+ fraction 
within the nucleus and we cannot completely rule 
out the possibility of a very small (but by our 
EDS study undetectable) exchangeable K+ fraction 
in the cytoplasm. Such a small exchangeable K+ 
fraction m~ght account for the effects of ouabain 
and zero K outside on membrane potentials. Our 
data do not include a K+ exchange analyses during 
oocyte maturation so we iannot answer this 
question. The erythrocyte ~ data do not allow 
for interpretation of K sequestered into 
membrane-bound organelles with their own 
ion - pumps as no such organelles exist in the 
mature erythrocytes. 
C.F. Hazlewood: If the charged phosphorus groups 
are reasonable for the selective adsorption, what 
keeps them within the cell? Are th e pK values 
such that you would expect K+ to selectively bind 
to P0,- 3 or to the p and~ carboxyl groups? From 
the data presented by Edelmann (Scanning 
Microsc . 3 : 1219-1230, 1989) and by Ling (to be 
published in Scanning Microscopy) on skeletal 
muscle, it would appear that the p and~ carboxyl 
groups are favored . 
Authors: Many of the phosphorus groups within 
the cell are covalently "fixed" within the 
structure of poorly or non-diffusing nucleic 
acids or phosphoproteins . This fact helps 
account for the observations that the enrichment 
of K+ occurs in the nucleus, nucleolus, mitotic 
chroma tin, and areas of the cytoplasm with lots 
of rough endoplasmic reticulum (ribosome 
attached). In the case of skeletal muscle 
cytoplasm most of the phosphorus is in the form 
of ATP and CrP which, as we mention in the text, 
may diffuse more slowly than expected due to 
associations wit_f less mobile cytomatrix 
elem ents . That K may be selectively bound to 
protein carboxyl groups and to Pin the form ATP 
or CrP is a distinct possibility , especially in 
the case of the skeletal muscle, as mentioned in 
the text of our review. We do not have the 
information to answer your second question. 
J.S. Clegg: Question, Why is it necessary to 
exclude .1illY fole for membrane-based transport 
systems for K ? Do the authors feel their data 
(and other) is sufficiently compelling in that 
regard? 
C.F, Hazlewfod:+ In Figure 4, you include the 
membrane Na , K ATPase as an active transport 
system responsible for moving Na+ from a solution 
of low concentration (i . e., the non-adsorbed 
sodium in the aqueous phase) across the membrane 
to a solution of higher concentration. I find 
this inclusion interesting, and will comment . We 
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all agree that the suggestion of the possible 
existence of a membrane situated energy requiring 
pump evolved from the assumption that the theory 
of dilute solutions was applicable to biological 
systems (see Benchmark papers in Human Physiology 
12 : 167-173, 1979, ed . Kepner, G.R . ). "If 
potassium and sodium are mixed inside the fiber 
as free ions then the pump that builds up the 
internal concentration must be pumping potassium 
in or sodium out or both." (This is a quote, p . 
232, from Dean's famous paper which is reproduced 
in the volume edited by G.R. Kepner and cited 
above. It is my contention that, if the 
knowledge we currently possess about the physical 
properties of cellular water (Scanning Hicrosc . 
The State of Water in the Cell, 1988) and of 
potassium, Dean's speculation would not have been 
introduced . Although the concept continued, the 
original definition of active transport is less 
precise (see Edelmann, Scanning Hicrosc. 1: 
1219-1230, 1989) . In Figure 4, I assume that you 
are proposing that sodium is being translocated 
a cross the membrane from the aqueous phase of t he 
cell . If this interpretation is correct, then 
the energy problem must be dealt with . For 
example, it was pointed out by Ling in 1962 that 
the energy required for such a process to occur 
in skeletal muscle exceeds the total energy 
available (Ling GN, 1962) (See also discussions 
between Ling and Nagy in Scanning Hicrosc . The 
State of Water in the Cell, 1988, p. 101-103) . 
What is the source of the energy for such a 
mechanism? And , if the source can be defined, 
what is its total caloric value and what is the 
efficiency of the pump? 
Authors: Without better knowledge of the 
chemical activity of water and ions within 
subcellular compartments of cells one cannot 
directly answ e r your specifi c energy question . 
However just because the original assumptions 
used in the formulation of an energy requiring 
membrane pumps are overly simplified and even 
invalid does not, of itself, rule out the 
existence of such pumps. A reevaluation of the 
assumption on which pumps were postulated is in 
our opinion overdue . Admittedly the unknowns and 
complexity of this situation makes working with 
the energy requirement of pumps in cells 
extremely difficult . We have included an ion 
pump and channel in the model (Figure 4) because 
there is data to support their existence in cells 
and because we cannot rule out their existence . 
We are also aware that Ling's Association 
Induction (AI) model does not require a membrane 
pump to explain the distribution of electrolytes 
but the AI explanation does not, of itself, rule 
out all other proposed or possible explanations 
of current or future observations . 
J .S. Clegg: I 'ionder if the idea that K+ can 
"outcompete" Mg2 for sites on nucleotides and 
nucleic acids is a reasonable one? It would seem 
that a divalent cation would be hard to displace 
by a univalent one. 
Authors: Reference to text table 4 may help 
answer your question . The cellular M14-2 + is only 
about one tenth the concentration of K and could 
occupy but a small fraction of the potential 
anionic charge sites. Therefore it may be that 
I.L . Cameron, W.E . Hardman, K. E. Hunt e r, e t al. 
all of the Mg2 + is more tenaciously adsorbed in 
the cell than K+ which leavei still other anionic 
charge sites available for K adsorpJion . We did 
not state or mean to imply that K outcompetes 
Mg2 + for charge sites on nucleotides and nucleic 
acids . 
T, von Zglinicki: Although I agree that the 
distribution of K in cells is mainly determined 
by fixed counter ions both in muscle cell cyplasm 
and interphase nuclei (Scanning Hicrosc. }: 1231, 
1989), I seriously doubt whether phosphate groups 
in proteins play a significant role as putative 
"binding sites". This holds especially for 
interphase nuclei, from where most of your data 
were taken . It can easily be calculated that in 
interphase nuclei, about 600rnrnol/kg d.w.x. of P 
belong to the P bound in nucleic acids, i.e. 
actually all the P measured (comp . Tabs. 3 and 
4) . How large is the amount of phosphorylation 
of his tones? Could not the increase P 
concentrations in metaphase chromatin (Tab . 3) be 
due to a higher packing density of the nucleic 
acid? Which role could changes in hydration 
during growth of oocytes play for the generation 
of a nuclear/cytoplasmic gradient of K 
concentrations as measured per dry mass? 
Authors: In regard to concentration data you are 
correct to point out the importance of how 
concentration data are expressed . For example in 
a recent publicat~on we showed that a significant 
difference in Na and K+ concentration exists 
between the nucleus and cytoplasm of mouse 
hepatocytes when concentration is expressed on a 
dry weight basis (rnM/kg dry wt.) but not if the 
data is expressed on a wet weight basis rnM/kg 
water (Cameron and Smith 1989). In the original 
oocyte report that we published on nuclear and 
cytoplasmic concentration of elements in the 
fully grown oocytes (LaBadie et al . 1981) the 
element concentration data was expressed on both 
a wet and a dry weight basis . In this case the 
nuclear/cytoplasmic concentration was 
significantly different regardless of the method 
of expression. The fact remains that these prior 
measurements of elements concentration in the 
cytoplasm were not done with a degree of 
resolution that distinguished between open 
cytoplasm and mitochondria, etc. This fact when 
combined with our lack of information on the 
water content, the physical state of water and 
the physical state of ions at a subcellular level 
points to the difficulties of attempting to 
determine chemical activity gradients from EDS or 
wet chemistry measurements. 
In response to your question concerning 
packing density of chromatin. Remember first 
that only areas of highly condensed interphase 
chromatin were subjected to EDS analysis (tabll-
3). Now notice in table 3 that although P and K 
increase in the metaphase chromatin that S 
(mostly in protein) does not increase. Thus one 
might expect either that the S containing 
protei~s are preferentially lost and/or that P 
and K in chromatin preferentially increases 
between the interphase and the metaphase 
condition. If chromatin proteins, containing S, 
are not preferentially lost from the metaphase 
chromatin then the preferential increase of P and 
102 
K+ in relation to S cannot be explained by the 
higher packing density of metaphase chromatin. 
If S containing proteins are preferentially lost 
from metaphase chromatin then a higher packing 
density might explain the observations. The 
question cannot therefore be answered with the 
data provided in table 3. 
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